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CHEMICAL  CHANGES DURING 
ALTERATION OF MICAS 
A. C. D. NEWMAN AND G. BROWN 
Rothamsted Experimental Station, Harpenden, Herts. 
(Received 6 April 1966) 
THE 
ABSTRACT:  Di- and trioctahedral micas were altered to vermiculite-like 
minerals by extracting the K with sodium tetraphenylboron. Chemical analysis 
of original and altered micas shows that loss of K is accompanied by an increased 
loss on ignition, oxidation of some Fe z+ to Fe :~+, loss of divalent octahedral 
cations, mainly Mg z§ loss of OH-  (or sorption of H+) and decrease in net 
negative charge. 
The following reactions are suggested to explain these changes: (1) replace- 
ment of K by Na at interlayer sites; (2) release of structural OH- ions exposed 
by replacement of K, which decreases the negative charge and allows the structure 
to expand and more K to be replaced; (3) oxidation of Fe 2+ ions by the reaction 
4Fe 2+ + 4 structural (OH-) + O,, ~ 4Fe :;~ + 4 structural (O ~-) + 2H20; 
and (4) release of divalent octahedral ions, possibly through some of the holes left 
when structural OH-  is lost. 
The wide implications of these proposals are discussed. 
In soil, micas weather by losing potassium and electrical neutrality is maintained by 
simultaneous sorption of hydrated cations between the silicate layers. Walker (1949) 
found that in some Scottish soils, biotite weathered to vermiculite in stages, hydrated 
Mg 2+ replacing K+; apparently, Fe 2§ was also oxidized and goethite precipitated. 
In another Scottish soil from near Scotscalder, phlogopite present in the parent rock, 
scyelite, weathered to a material  resembling vermiculite with an exchange capacity 
of about 150 m-eq/100 g (Smith Aitken, 1965). 
Chemical analysis of weathered mica isolated from soil suggests changes addi- 
tional to the replacement of K. Weathered biotite contained less Mg and Fe than 
fresh biotite but, apart from loss of K and gain of H.oO, weathered muscovite 
apparently differed little from fresh muscovite (Denison, Fry  & Gile, 1929). How- 
ever, such changes have not been clearly established because it is difficult to separate 
enough uncontaminated mica for analysis, and because it is never certain that the 
chemical composit ion of the parent of the weathered mica was the same as that 
of the mica that remains. 
Micas have been altered artificially in laboratory experiments, K being replaced 
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by other cations. Micas in contact with neutral salt solutions slowly release small 
quantities of K § until an equilibrium concentration is reached (Rausell-Colom et al., 
1965). When K + is removed as it is released, either by changing the solution 
frequently (Mortland, 1958) or by precipitation as an insoluble compound (White, 
1950; Hanway, 1956) almost all the K may be desorbed (Scott & Reed, 1962). 
Under these conditions, trioctahedral micas form products that give X-ray diffraction 
patterns imilar to vermiculite and have large exchange capacities. 
Rausell-Colom et al. (1965) found an optical boundary parallel to the edges 
of the mica particle (see also Mortland, 1958) that defined the furthest limit of 
penetration of the replacing ion; the rate this boundary moved indicated that 
diffusion was the rate-limiting process. There was no optical or diffraction evidence 
that K was replaced in muscovites, Iepidolites or synthetic fluorophlogopite. 
Chemical and structural features of the trioctahedral micas were examined but 
only the fluorine contents correlated with the rates of alteration; the micas con- 
taining least F altered most easily. Because too little mica was altered for direct 
analysis of the products, Rausell-Colom et al. (1965) could not establish whether 
their micas had been changed chemically in addition to the removal of K. 
This paper reports the results of an investigation of the factors that are likely 
to affect mica alteration in the soil. Potassium was removed from 5-g samples of 
micas to provide enough product for chemical analysis; five were trioctahedral 
micas with different compositions in the phlogopite-biotite s ries and one was a 
fine-grained muscovite. By comparing the compositions of the products and the 
original micas, the chemical changes accompanying K removal were established 
and reaction mechanisms have been inferred from the results. 
EXPERIMENTAL METHOD 
Materials 
A phlogopite and two magnesian biotites were obtained from Messrs Hart, 
Maylard & Co., London, a biotite and a ferrous biotite ('lepidomelane') from Ward's 
Natural Science Establishment, Inc., New York, and a micronized muscovite from 
Lewis Berger, Ltd; except for the muscovite, the samples were hand specimens. 
Pieces cut from these were ground to less than 0"5 mm in a Glen Creston Laboratory 
Mill, which has a cutting action and comminutes mica quickly with no apparent 
damage to the structure. Samples of the 100-300 mesh fraction, obtained by sieving, 
were halved; one half was used for chemical analysis and the other for the alteration 
experiment. The micronized muscovite was sedimented in water to separate the 
fraction sized 4-10/~ equivalent spherical diameter which was also divided into two. 
Chemical analysis 
The rapid analysis scheme of Shapiro & Brannock (1956) was adopted, with 
the following modifications. Interference of Fe in the A1 determination was sup- 
pressed with thioglycollic acid, Fe 2+ was determined absorptiometrically with 
4,7-diphenyl-l,10-phenanthroline after digestion in HF and inactivation of the 
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fluoride in boric acid; total Fe was reduced to Fe ~+ with p-hydroxyphenylglycine 
and determined by the absorption of the complex with 2,2-dipyridyl. Magnesium was 
determined in a direct reading spectograph using Sr as an internal standard, and 
Ca was determined by flame photometer after precipitating sesquioxides with 
ammonium hydroxide. Water was not determined irectly, but the loss on ignition 
was recorded. 
A heration experiments 
Survey of the literature suggested that the best method for replacing K was an 
adaption of methods used by Scott & Reed (1962). 
Mica (5 g in 250 ml polypropylene centrifuge bottles) was shaken with 100 ml 
of a solution containing NaC1 and sodium tetraphenylboron (50 g NaBPh4 and 
58'5 g NaC1/1) in a thermostatic water bath at 40 ~ C. After periods ranging from 
1 to 4 weeks, the mixtures were centrifuged and the supernatant liquid was removed. 
The solid was washed once with water, twice with aqueous acetone-CaCl2 solution 
(300 ml 1 N CaCI~ and 700 ml acetone) and once with aqueous acetone (300 ml 
H~O and 700 ml acetone) to dissolve precipitated KBPh~; finally the mica was 
washed with water. Small samples of mica were removed to determine K and the 
remainder was treated again with NaC1-NaBPh~ solution. The experiment was 
stopped after seven extractions with NaC1 NaBPh4 solution; over a total time of 
109 days, 95% or more of the K in the trioctahedral micas and 75% of the K in 
the muscovite had been extracted. The altered micas were saturated with Ca by 
heating on a water bath for 5 days with 0.5 M CaCI~, the solution being changed 
every 24 hours. The solids were washed once with water, then with 90% ethanol 
until there was no chloride detected in the wash liquid with acidified AgNO3, and 
air-dried. 
SiO.,, A1~O3 and loss on ignition were determined, and the exchange capacities 
measured (Table 2); the Ca released by repeated extraction with 1 N NaC1 was 
titrated with EDTA using murexide as the indicator. After five extractions with 
IN NaC1, no further Ca was released. 
The NaCl-extracted materials were washed once with water, then with 90% 
ethanol until chloride-free, air-dried and analysed in parallel with unaltered micas 
(Table 1). 
X-ray di]]raction examination 
Unoriented specimens of the original micas were examined in a 9 cm diameter 
powder camera using CoKa radiation; the trioetahedral micas gave patterns 
characteristic of 1 M polymorphs, whereas mica 6 gave a pattern of 2 M1 muscovite. 
Diffraction patterns of oriented specimens of the original ground micas and of 
the altered micas, before and after additional grinding under xylene, were obtained 
with a diffractometer using iron-filtered Co radiation and a proportional counter 
detector. The Na-altered micas were examined air-dry and immersed in water; 
evaporation of water was prevented by covering the samples with 25 /L Melinex 
sealed around the edges with petroleum jelly. 
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The altered materials were examined before and after additional grinding because 
diffraction patterns of samples taken at intermediate alteration stages showed much 
less mica than the K content indicated. After grinding, diffraction patterns of the 
same material revealed the expected mica reflections. This effect is caused by 
absorption of X-rays which prevents the less-altered cores of the crystals from 
contributing to the diffracted intensities. It indicates that alteration proceeds not 
only by diffusion into the interlayer egion from the edges of the crystal but also 
by penetration ormal to the layers of the crystal, possibly through cracks and 
other imperfections, with subsequent diffusion parallel to the layers into the inter- 
layer region. 
TABLZ 2. Cation exchange capacities (C.E.C.) of altered micas and estimated loss of net 
negative charge 
C.E.C. C.E.C. Total K + Na 
Altered (m-eq/g as M + Na K balancing in 
mica ignited weight) per formula cations mica 
Loss 
of 
charge 
AM { 2-16 1-68 0-01 0.10 1-79 1-88 0.09 
AM2 2-14 1-69 0.01 0-06 1.76 1.86 0-10 
AM3 1.96 1.55 0.02 0.11 1.68 1.88 0.20 
AM4 1.66 1.37 0.02 0-12 1.51 1-93 0.42 
AM5 1-52 1.42 0.03 0-09 1.54 1-99 0.45 
AM6 1.04 0.82 N.D. (0-46)* (1 "28) 1 "80 (0"52) 
* Taken from Table 3. 
The alteration products from the trioctahedral micas Nos. 1 to 5 gave a series 
of rational basal reflections based on 12.2 A (air-dry) and 14-8 A (wet). These 
spacings are those of Na-vermiculite containing one and two sheets of interlayer 
water (Walker, 1958). Mica reflections were not detected in any of the fully- 
altered micas; the intensity of the 10 A mica reflection was less than 1/1000th of 
the 12"2 A reflection. No evidence was found for the kaolinite-like phase reported 
by Rausell-Colom et al. (1965); examination of the air-dry specimens at high 
sensitivity did not show any reflection at 7.1 A. 
The diffraction patterns from the altered muscovite were less simple to interpret 
and will be described in the order in which the materials were prepared. When 
wetted with water, Ca-saturated AM6 (AM = altered mica) gave reflections based 
on 14'9 A with some very weak mica peaks (Fig. 1, curve b); the low intensity of 
lhe mica reflections was probably caused by unrepresentative sampling, for the 
material still contained 2-6% K20. After Na-saturation and air-drying, AM6 gave 
a broad peak in the 10 A region, the higher orders of which gave separate sets of 
reflections, one set based on 9"6 A and the other on 10-0 A (curve c); rewetting 
with water did not alter the pattern significantly. Apparently, Na-AM6 collapses 
when it is dried to a phase with a layer spacing similar to the Na-mica paragonite 
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(d = 9.607 A; Zen and Albee, 1964) and does not expand on wetting. In an attempt 
to obtain a better sample of Ca-AM6, Na-AM6 was treated repeatedly with M CaC12 
and the product examined again. Except for a weak 14.9 A reflection, the pattern 
obtained id not differ much from that of Na-AM6 (curve d); apparently Na-AM6 
does not easily expand again once it has collapsed to 9-6 A, even when it is treated 
with Ca ~+. The exchange capacity obtained for this material does not therefore 
represent the layer charge. 
1 I 1 l ~ c  I I  I E 
K~ ~ ~ cnc5 dj ,.~ tan 
36 3/. 32 30 28 ~ "  12 10 8 
Degrees 20 (COKE) 
FIG. 1. Smoothed diffractometer t aces of muscovite and its alteration products. 
(a) Unaltered muscovite; (b) Ca-altered muscovite; (e) Na-altered muscovite; (d) Na- 
altered muscovite, resaturated with Ca. 
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DISCUSSION 
Structural formulae for the micas and their alteration products were calculated 
from the analyses by assuming the formulae of both were based on an unvarying 
anion framework of 20 (O ~-) and 4 (OH-, F-), that is, 44 units of negative charge 
(Table 3, lines marked with an asterisk). 
The main changes that had occurred uring the chemical alteration were: 
(1) 95% of the total K in the trioctahedral micas and 77% of the K in the 
muscovite was removed by NaBPh4 treatment. 
(2) The loss on ignition increased, indicating a greater hydration of the product. 
(3) Nearly half the ferrous iron in micas 4 and 5 was oxidized to Fe :~§ but very 
little in micas 1, 2 and 6. The gain in positive charge from this oxidation ranged 
from 0'01 units per formula unit for M1 and M2 to 1"3 for M5. 
(4) Some octahedral Mg ~+ was lost particularly from M4. 
(5) The net negative charge of the layers, calculated from the sum of interlayer 
cations (K § + Na + + exchangeable Ca~§ * in the Ca-saturated products, decreased 
by 0.1-0"5 per 44 anion charges to values characteristic for vermiculite (Walker, 
1957). This loss of net negative charge did not quantitatively balance the oxidation 
of Fe z +. 
In addition, the formulae calculated on the basis of 44 negative charges how 
changes in the Si content of the tetrahedral sites, and in the content of A1 and its 
distribution between tetrahedral and octahedral sites. In the formulae of samples 
AM1 to 4 and AM6, Si in the tetrahedral sites has increased and A1 substitution 
for Si has decreased uring the alteration of the micas. This requires A1 ions to 
move from tetrahedral to octahedral sites and Si to accumulate in the alumino- 
silicate layers; the latter can happen only if some mica dissolves and the Si released 
is incorporated into the remainder. By contrast, the formula of AM5 shows that 
both Si and A1 have been lost from the aluminosilicate layers of this mica and 
some A1 has moved from octahedral to tetrahedral sites. Such radical changes in 
ionic distribution within strongly bonded structures eem unlikely at low tempera- 
tures; it is also unlikely that the direction of the changes hould differ from mica 
to mica. Another interpretation of the chemical analyses was therefore sought. 
One of the striking features of the analyses is that, within the combined errors 
of the Si and A1 determinations, the ratio of Si : A1 did not change during the mica 
alteration (Table 3, column 2). This invariance of the Si : A1 ratio is strong evidence 
that the substitution of A1 for Si in the tetrahedral layers was not modified during 
the mica alteration and that the changes in the number of silicons per unit formula 
* This estimate of the interlayer cations differed a little from the estimate that used the 
values of INa+K) for the Na-saturated materials (Table 3) but, except for AM6, the differences 
were not greater than would be expected from the precision of the determinations. The exchange 
capacity method was preferred because the titration of Ca is more precise than the determination 
of Na by flame photometer. The failure of the exchange capacity method to determine layer 
charge for AM6 is discussed below. 
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were artifacts of the method of calculation, which assumes that the anion content 
of the mica and its product is the same, equivalent o 44 negative charges. 
The formulae of the altered micas were therefore recalculated, assuming that 
the Si filling of the tetrahedral layer was the same as in the original mica; these 
recalculated formulae are given in Table 3 (lines marked by a daggerj. Brindley 
& Youell (1953) used this method to calculate the formula of oxidized chamosite. 
1"he main changes listed above remain almost unaffected by this alternative calculation 
of the structural formulae; the most notable difference is that the formulae of the 
altered micas no longer contain 44 negative charges equivalent o 20 (O '~-) and 
4 (OH-); except for AM5, the formulae have a smaller anionic charge. 
7he alteration o[ muscovite 
The chemical analyses and the X-ray examination show that sodium tetraphenyl 
boron removed much of the K from muscovite. This alteration may have been over- 
looked previously because altered muscovite, in the air-dried sodium form, has 
a collapsed structure, with a basal spacing of about 9.6 A, that does not swell 
when wetted. With a partly altered muscovite, the first order X-ray reflection from the 
altered material appears as a tail to the first order mica reflection at 10 A, and 
the two components become fully resolved only in the third order reflections; the 
peak intensities from the product are weak relative to the sharp and intense mica 
peaks. 
Chemical analysis has not yet established the nature of the product formed. 
The exchange capacity determined by Ca-saturating the material and displacing 
the Ca with NaCl was much less than the interlayer Na in AM6, so that only a part 
of the Na introduced in the alteration process was replaced by Ca. The altered mica 
had 'fixed' Na by forming the collapsed 9"6 A phase, a property expected only 
had the altered mica retained most of the initial layer charge of the original mica; 
the sum of interlayer cations (Na + K), however, indicates that some charge has 
been lost. This discrepancy has still to be resolved but current work with musco- 
vites, to be reported later, confirms the main conclusions. 
The chemistry o[ trioctahedral mica alteration 
The process by which vermiculites are formed from trioctahedral micas has 
often been discussed uring the 30 years since the structural examination of vermi- 
culites by Gruner (1934); the theories proposed are summarized by Foster (1963). 
Briefly the main alternatives suggested are: 
(l) H.O replaces K ~: the toss of positive charge is b~ianced by oxidation of Fe 2+ 
to Fe:'~ or by introduction of H 
(2) a hydrated cation, e.g. Mg ~ ~, replaces 2K + and the charge balance is main- 
tained throughout: if there is a diminution of the net layer charge by oxidation of 
Fe z , it is an independent reaction and not an essential part of vermiculite formation. 
Neither of these mechanisms alone is adequate to explain the changes in com- 
position during the experimental 'vermiculitization' described here. For instance 
in mica 5, 1"36 atoms of Fe z ~ were oxidized to Fe '~+ but the consequent loss of 
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net negative charge was only 0'46 units. By contrast, in micas 1 and 2 only 0'01 
atom of Fe ~ ~ was oxidized, but the loss of net negative charge was 0"10 units. 
This supports the observation of Mortland & Lawton (1961) that the alteration of 
total charge in biotite is not necessarily the result of a change in the oxidation state 
of iron. 
Addison & Sharp (1962) argued that the mechanism for Fe ~+ oxidation in 
chamosite proposed by Brindley & Youell (1953) is a general reaction for oxidation 
in hydroxylated silicates at moderate temperatures; experimental work with 
crocidolite (Addison et al., 1962; Hodgson, Freeman & Taylor, 1965a), amosite 
(Hodgson, Freeman & Taylor, 1965b) and nontronite (Addison & Sharp, 1963) 
supports this view. This reaction probably also occurs in micas; interlayer expan- 
sion caused by removing K increases the diffusion of oxygen into mica particles so 
that the rate of Fe ~+ oxidation below 100 ~ C is much enhanced. The reaction 
causes no modification of the net charge: for every Fe 2+ oxidized to Fe z+, one 
structural OH-  forms a structural O ~- (Bradley & Serratosa, 1960) according to the 
equations : 
Fe 2+ + structural (OH- )~ Fe 3+ + structural (02-) + H, (1) 
4H + O2 ~ 2H20. (II) 
This explains why the oxidation of Fe 2+ in the mica was not balanced by an equal 
loss of net negative charge and also why Rausell-Colom et al. (1965) found that 
the rate at which micas alter was not influenced by changing the oxidizing or 
reducing potential of the solutions. 
Because the mica was altered in an aqueous environment, the newly-formed 
structural (02 ) may revert to hydroxyl by reacting with water: 
structural (O ~-) + H~O ~ structural (OH-)  + OH- .  (III) 
Reactions (I) and (III) together can account for any combination of Fe ~+ oxidation 
and loss of net charge, provided the oxidation was not less than the loss of charge, 
but the tendency for the newly-formed (O z-) to hydrolyse by reaction ( l id  must be 
relatively weak in micas 4 and 5 because Fe z+ oxidation was so much larger than 
the decrease in charge on the layers. 
These reactions either increase the anionic charge (reaction I) or revert the in- 
creased charge towards 44 units (reaction III); none of the reactions explains why 
all the micas except M5 lost anionic charge during alteration. To account for the 
decrease of anionic charge below 44 units, we propose that some structural hydroxyl 
ions are released irectly into solution, or alternatively that H + ions from solution 
are sorbed at the OH sites, forming water. 
This explanation is supported by two observations: 
(1) When micas are shaken with water or neutral salt solutions, the solutions 
become more alkaline: Marshall & McDowell (1965) interpret this pH increase 
as indicating the great affinity of the mica structure for H +, but same effect would 
be caused by release of OH-  to solution. 
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(2) F -  proxies for OH-  in micas and Rausell-Colom et al. (1965) found that 
micas containing much F release K less readily; the fully fluorinated synthetic 
fluorophlogopite does not alter at all (Bassett, 1960). Apparently, charge loss by 
release of F -  or sorption of H + is no longer possible, so that K + release becomes 
much more difficult. 
To sum up, we propose that trioctahedral micas alter by the following sequence 
of reactions : 
(1) K + in interlayer sites at the edge of the mica flakes exchange for solution 
cations. 
(2) A few of the structural hydroxyls that are exposed by removing K are released 
to solution and the loss of negative charge allows local expansion of the layers. 
(3) Expansion of the structure allows more cations from solution to enter the 
interlayer space to exchange for K ~, and the expansion thus continues. 
(4) Atmospheric oxygen enters the interlayer space and oxidizes the ferrous iron 
thus: 
02 + 4 Fe ~ + + 4 structural (OH-)  ~ 4 Fe a+ + 4 structural (05- ) + 2H20 
(5) Divalent octahedral ions are released, possibly from the sites exposed by loss 
of structural (OH-). 
Table 4 shows a balance sheet for the changes in anionic charge during the mica 
alteration, based on the reactions proposed above and the assumption that the initial 
anion content of the micas was 20 (02-) and 4 (OH-,  F - )  per formula, The fluorine 
contents of the micas are included in the table; as there was too little material to 
determine the F content of the altered micas, it was assumed to remain unchanged. 
The balance sheet demonstrates two points. First, there were enough structural 
hydroxyl groups to account for the proposed reactions, although all the OH groups 
were used in mica 4. Secondly, the reactions proposed account for all the com- 
positional changes, as evidenced by the agreement between the new anionic charge 
estimated from the sum of the reactions and the sum of the charges of the cations 
(last two columns, Table 4). 
Corollaries 
(I) There may not always be twenty-four oxygen atoms per formula unit in 
vermiculites and montmorillonites. If these have derived from micas (which them- 
selves may not have a complete complement), they may have lost structural 
(OH-) when the structure was modified. Establishing the anion content of a sub- 
stance requires the accurate determination of unit cell-size, density, and chemical 
composition. With a swelling material that may sorb an indefinite amount of water, 
the material must be maintained at the same hydration state during the determina- 
tion of unit cell size and density. Besides determining total water, the analysis must 
also distinguish between hydrogen in the structural OH and hydrogen present in 
the physically-sorbed and hydration water. It may be necessary to examine such 
materials by a range of methods before the H,O and OH contents are finally 
established. 
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(2) The equilibrium concentration of K ~- in solution and the rate of K + release 
may be expected to depend upon the pH of the reacting solution. Hydrogen ions 
attack the octahedral hydroxyl ions and neutralize a part of the layer charge, 
allowing a freer expansion of the structure. Strong acid solutions decompose micas 
(Gastuche, 1963) but with weaker acidities K is displaced without completely dis- 
rupting the structure. Tucker (1964) equilibrated soil illites with CaCI~ solutions 
and found that, between pH 4 and 9, more K-- was released as the pH decreased. 
Rich & Black (1964) made similar observations and also found that ammonium 
acetate was more effective than magnesium acetate in releasing K+; possibly the 
ammonium ion acts as a proton donor and also attacks the structural hydroxyl 
ions. Rich & Black conclude that the effect of pH on K release may be important 
practically; the release of K to plants is depressed when the pH of a soil is increased 
by liming. Clearly the effect is important enough to warrant further investigation. 
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Note 
After this paper was submitted, Professor M. L. Jackson sent us a copy of a paper on the 
alteration of micaceous clays from soils and sediments presented by Raman & Jackson at 
the 2nd Clay Mineral Society meeting at Berkeley, California, in August 1965 (Clays Clay 
Miner. 14, 53). These authors have also found that oxidation of ferrous iron cannot 
account for all the change in layer charge and suggested that protons were incorporated into 
the structure to form additional hydroxyl ions. They found, however, that the hydroxyl content 
of their tetraphenylboron-altered materials was slightly less than that of the original samples. 
although natural vermiculites appear to contain more hydroxyl than micas. From these and 
further observations of our own to be reported later, it seems probable that different environ- 
mental conditions may modify the reactions of mica alteration so that a range of products 
may be formed from the same mica. 
